Much attention has focused on the Mycobacterium tuberculosis molecular chaperone chaperonin (Cpn) 60.2 (Hsp 65) in the pathology of tuberculosis because of its immunogenicity and ability to directly activate human monocytes and vascular endothelial cells. However, M. tuberculosis is one of a small group of bacteria that contain multiple genes encoding Cpn 60 proteins. We have now cloned and expressed both M. tuberculosis proteins and report that the novel chaperonin 60, Cpn 60.1, is a more potent inducer of cytokine synthesis than is Cpn 60.2. This is in spite of 76% amino acid sequence similarity between the two mycobacterial chaperonins. The M. tuberculosis Cpn 60.2 protein activates human peripheral blood mononuclear cells by a CD14-independent mechanism, whereas Cpn 60.1 is partially CD14 dependent and contains a peptide sequence whose actions are blocked by anti-CD14 monoclonal antibodies. The cytokine-inducing activity of both chaperonins is extremely resistant to heat. Cpn 60.1 may be an important virulence factor in tuberculosis, able to activate cells by diverse receptor-driven mechanisms.
The current global epidemic of tuberculosis is responsible for 3 to 4 million deaths each year (8) . Chronic inflammation is the hallmark of tuberculosis, and substantial efforts have been made to identify the bacterial components responsible. The molecular chaperone chaperonin (Cpn) 60.2 of Mycobacterium tuberculosis, also known as Hsp 65, has attracted significant attention because of its immunogenicity (5, 6) and possible role in autoimmunity (23) . It was recently shown that, in addition to acting as an immunogen, mycobacterial Cpn 60.2 can stimulate myeloid cells to synthesize proinflammatory cytokines (9, 18, 20) and that this activity is CD14 independent (27) . Other bacterial Cpn 60 proteins have also been reported to induce cytokine synthesis (11, 13, 21) . These findings have led us to propose that the chaperonin 60 proteins of bacteria function as virulence determinants and may be important in directly inducing host inflammatory responses (15) .
Most bacteria encode only one chaperonin 60 protein. However, M. tuberculosis expresses a second cpnL gene (14) , designated cpnL1, with the original cpnL (Hsp 65) gene now being designated cpnL2 (4) . The gene encoding cpnL2 is not adjacent to the gene encoding the cochaperone, Cpn 10, which is the normal arrangement in bacteria (10) . In contrast, the cpnL1 gene and the gene encoding cpnS1 are separated by only 98 bp (14) and may represent an operon. The proteins encoded by these two genes share 76% amino acid sequence similarity (14) . Surprisingly, nothing is known about the role of Cpn 60.1 in the normal functioning of M. tuberculosis or in the pathology induced by this organism. In this study, we have cloned the M. tuberculosis cpnL1 and cpnL2 genes, expressed and purified both proteins, and compared their capacities to stimulate human peripheral blood mononuclear cells (PBMC) to produce pro-and anti-inflammatory cytokines. We have also tested a number of synthetic Cpn 60 peptides for cytokine-inducing activity. These peptides were predicted to be T-cell epitopes (3) . We find that, depending on the cytokine measured, M. tuberculosis Cpn 60.1 is between 10-and 100-fold more active in inducing cytokine synthesis than is the Cpn 60.2 protein. We have confirmed that cell activation induced by Cpn 60.2 is CD14 independent but have found that Cpn 60.1 is partially CD14 dependent and have identified a peptide within Cpn 60.1 that stimulated cytokine production and was blocked by anti-CD14. These results suggest that Cpn 60.1, and its derived peptides, may represent an important M. tuberculosis proinflammatory signal.
MATERIALS AND METHODS
Cloning and expression of M. tuberculosis Cpn 60.1 and 60.2. The gene coding for Cpn 60.1 was amplified and cloned in the expression vector pET22b (Novagen, Nottingham, United Kingdom). Production and purification of the recombinant Cpn 60.1 from Escherichia coli were performed by metal chelate affinity chromatography. The purified protein was then dialyzed against 10 mM ammonium bicarbonate. The recombinant Cpn 60.2 was purified from E. coli by standard ion-exchange chromatography followed by dialysis against 10 mM ammonium bicarbonate (22) . Protein purity was demonstrated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and mass spectrometry.
(Sigma). To inactivate the proteinase K, the solutions containing this protein and the Cpn 60 proteins or LPS were boiled for 20 min. The samples were then diluted to 1 and 5 g/ml for Cpn 60.1 and 60.2, respectively, and 1 ng/ml for LPS and tested for their ability to activate PBMC cytokine synthesis. To determine what effect these treatments were having on the Cpn 60 proteins, they were separated on commercially available 4 to 20% gradient gels (Invitrogen, Groningen, The Netherlands) and stained with Coomassie blue.
Secondary structure predictions of peptides. The consensus method, Jpred (7), was used to predict the secondary structures of the peptides via the server at http://jpred.ebi.ac.uk/.
RESULTS
Physicochemical characteristics of recombinant Cpn 60 proteins and LPS content. The purity of the recombinant chaperonin 60 proteins was analyzed by SDS-PAGE and mass spectrometry, and no major contaminating species were evident using either technique (data not shown). The endotoxin content of the two recombinant proteins was low and within the range of 0.012 to 0.12 ng of endotoxin/g of protein.
Comparison of the cytokine-inducing activities of M. tuberculosis Cpn 60.1 and Cpn 60.2. Blood obtained from 10 healthy individuals has been used to determine the relative responsiveness of human PBMC to the mycobacterial Cpn 60 proteins. All assays were done in the presence of polymyxin B to block any stimulation by contaminating LPS (see below). Both chaperonins stimulated PBMC to produce a range of proinflammatory cytokines including IL-1␤, IL-6, IL-8, IL-12, TNF-␣, and GM-CSF and the monocyte-deactivating cytokine IL-10. Neither Cpn 60 protein elicited the production of IFN-␥ or IL-4 from the PBMC of any individual. A typical response is shown in Fig. 1 . This shows the general finding with these 10 samples of PBMC that they responded to lower concentrations of Cpn 60.1 than of Cpn 60.2. Thus, Cpn 60.1 concentrations as low as 100 ng/ml (1.8 nM) could stimulate cytokine production. In contrast, PBMC generally required 10 g of Cpn 60.2/ml (180 nM) to trigger the production of cytokines. The PBMC from all blood samples responded to Cpn 60.1 in terms of the production of the cytokines shown in Fig. 1 . However, three individuals failed to produce IL-12 in response to M. tuberculosis Cpn 60.2. The addition of the mycobacterial chaperonin 60 proteins to cultured cells had no effect on cell viability.
To determine if the induction of cytokine synthesis was due to a direct effect on the monocytes or to an indirect stimulation via the T-cell population in the PBMC, the latter population was selectively removed by rosetting. Such treatment removed the majority of the CD3-bearing lymphocytes ( Fig. 2a) but had no significant effect on the production of IL-6 or IL-8 in response to LPS or the two mycobacterial chaperonins (Fig. 2b) .
Controls for LPS contamination. While polymyxin B is the agent most often used to control for LPS contamination, it is held by some workers to be less effective at blocking proteinbound LPS than free LPS. This could explain the negative effects found with polymyxin B when it was incubated with the mycobacterial chaperonins. However, when polymyxin B was added to recombinant bacterial autolysin, purified, like the chaperonins, by metal chelation chromatography, it proved possible to inhibit completely the cytokine-inducing activity, showing that this protein was not a cytokine-inducing molecule and that its activity was due solely to contaminating LPS (Fig. 3) .
Heat denaturation is a good method of discriminating biologically active proteins from LPS. Heating the mycobacterial chaperonins to 100°C for 20 min failed to inhibit the cytokineinducing activity of these proteins or of LPS. To significantly inhibit the cytokine-inducing activity of the chaperonins required autoclaving for 40 min. Autoclaving also appeared to cause some breakdown of the chaperonin proteins (Fig. 4c ). In contrast, this treatment had no effect on the cytokine-inducing activity of the LPS. Similarly, proteolysis of the chaperonins with proteinase K significantly inhibited their biological activity while having, as expected, no effect on the biological activity of the LPS (Fig. 4) . Inhibitory effect of anti-CD14 monoclonal antibodies. The CD14-binding and -neutralizing antibody 60bca inhibited the LPS-stimulated induction of the synthesis of all cytokines measured in this study. The effect of this antibody was assessed with all the human PBMC samples used in this study, but for clarity, only the results of one representative experiment showing the response of IL-6 production are presented (Fig. 5a ). In contrast, 60bca failed to inhibit the cytokine-inducing activity of M. tuberculosis Cpn 60.2 ( Fig. 5c ), confirming previous reports of the CD14 independency of this mycobacterial protein (27) . However, all samples of PBMC exposed to M. tuberculosis Cpn 60.1 showed some degree of inhibition when the monoclonal antibody 60bca was present in the medium (Fig. 5b) . At 1 g of Cpn 60.1/ml, the antibody completely blocked cytokine induction. However, with 10 g of Cpn 60.1/ml, this total inhibition was overcome and significant cytokine synthesis occurred. An isotype-matched irrelevant antibody used at the same concentration as 60bca had no inhibitory effect on cytokine induction induced by LPS or the two chaperonin proteins. In some experiments, another neutralizing anti-CD14 monoclonal antibody, MY4, was also shown to block the cytokineinducing activity of LPS and M. tuberculosis Cpn 60.1 but not that of M. tuberculosis Cpn 60.2.
Activity of synthetic peptides. A number of M. tuberculosis chaperonin 60 peptides were synthesized (Table 1) and were analyzed by SDS-PAGE and mass spectrometry, which failed to demonstrate the presence of contaminants. The levels of LPS in these peptides were below the limit of LAL assay detection. Of these mycobacterial peptides, only the peptide homologue of residues 195 to 219 of M. tuberculosis Cpn 60.1 stimulated human PBMC to synthesize the same range of cytokines as did the parent molecule, albeit at about a 20-foldhigher molar concentration. In addition, and in contrast to the parent protein, this peptide stimulated the synthesis of IFN-␥ (Fig. 6) . The cytokine-inducing activity of this peptide was completely inhibited by anti-CD14 monoclonal antibodies MY4 and 60bca but not by the CD14-binding, but nonneutralizing, antibody 26ic (Fig. 7 ). An isotype-matched monoclonal antibody for 60bca also failed to have any effect on the cytokine-inducing activity of this peptide. In contrast to the activity of the M. tuberculosis Cpn 60.1 peptide, the corresponding peptides of M. tuberculosis Cpn 60.2 and GroEL were not able to induce cytokine synthesis.
Secondary structure predictions of peptides. Comparison of the three peptides revealed that the Cpn 60.1 peptide has the most regular structure with a significant span of ␣-helix at the C terminus. In Cpn 60.2 and GroEL, there are proline substitutions which tend to break up regular hydrogen-bonded structures. This is apparent in the Cpn 60.2 peptide, which has a lower ␣-helical content, and in the GroEL peptide, which has very little regular structure (Table 2) .
DISCUSSION
The worldwide resurgence of tuberculosis requires that we understand how the causative organism, M. tuberculosis, produces tissue pathology. The chronic inflammatory pathology of tuberculosis obviously suggests that overproduction of proinflammatory cytokines lies at the heart of this infection. What components of M. tuberculosis are responsible for cytokine synthesis? Much attention has focused on the Cpn 60.2 protein (Hsp 65) of M. tuberculosis because of its striking immunogenicity (5, 6, 23) and because in recent years a number of reports have appeared supporting the hypothesis that bacterial Cpn 60 proteins can stimulate human monocytes to secrete proinflammatory cytokines (9, 11, 13, 18, 20, 21) . The content of chaperonin 60 protein in M. tuberculosis can increase from 1 to 10% or more under conditions of stress (26) , such as are likely to occur during infection. This suggests that chaperonin 60 may play a major role in bacterial virulence by acting, like cytokines, as an intercellular signal (15) . The sequence conservation of chaperonin 60 proteins suggests that these molecules will have very similar intercellular signaling functions, irrespective of their source. This concept was challenged, however, when it was found that the Cpn 60.2 proteins of M. tuberculosis and Mycobacterium leprae, in contrast to GroEL, failed to stimulate the breakdown of murine bone in culture (11, 17) . In the present study, we have compared the two cpnL gene products of M. tuberculosis for their ability to stimulate human PBMC to produce a range of pro-and anti-inflammatory cytokines. While the Cpn 60.2 protein of M. tuberculosis has been studied extensively, nothing was known about the activity of the product of the second cpnL gene (cpnL1) of this bacterium.
M. tuberculosis Cpn 60.2 stimulated human PBMC to synthesize and secrete a range of proinflammatory cytokines and the anti-inflammatory cytokine IL-10 but only at the highest concentration used (5 to 10 g/ml, or 90 to 180 nM). This confirms previous studies of the potency of M. tuberculosis Cpn 60.2 as a cytokine-inducing mediator (18, 20, 24) . In contrast, recombinant M. tuberculosis Cpn 60.1 was active at concentrations as low as 100 ng/ml (1.8 nM) and always produced a greater maximum response than did the Cpn 60.2 protein, or even LPS. Cytokines produced included the potent proinflammatory cytokines IL-1␤, TNF-␣, IL-6, IL-8, and IL-12. However, production of the antimycobacterial cytokine IFN-␥, or the Th 2 cytokine IL-4, was not observed. This was in spite of the capacity of both mycobacterial chaperonins to induce IL-12 synthesis. Both chaperonins also induced the production of the anti-inflammatory cytokine IL-10. The conclusion from the 10 individual human blood samples tested in this study is that chaperonin 60.1 is up to 2 log orders more potent as a cytokine-stimulating agonist than is Cpn 60.2 and has a substan- tially greater efficacy. This substantial difference in potency is surprising given the sequence homology of these two proteins.
Depletion of T cells from the PBMC had no significant effect on the production of IL-6 and IL-8 induced by both chaperonins. The supports the hypothesis that these chaperonin proteins are directly stimulating the monocyte population in peripheral blood.
Both mycobacterial chaperonin 60 proteins had been expressed in E. coli, and it was possible that the cytokine-inducing activity was due to LPS contamination. Addition of polymyxin B to PBMC stimulated with these chaperonins had no inhibitory effect. However, it is claimed by various workers that protein-associated LPS is not inhibited, or not inhibited as effectively, by polymyxin B. In our experience, the LPS contaminating recombinant proteins expressed in E. coli can always be blocked by polymyxin B. An example of a recombinant protein with no cytokine-inducing activity in the presence of polymyxin B but significant activity in its absence is the autolysin of the oral bacterium A. actinomycetemcomitans (Fig. 3) . One of the simple controls for LPS contamination of proteins is to expose the protein to heat. If the bioactivity is due to the protein, then heating will destroy it. If the activity is due to the LPS, then heating will have no effect. In this study, we have boiled both LPS and the chaperonins for 20 min without affecting their cytokine-inducing activities. However, when the LPS and the chaperonins were autoclaved, the activity of the former was, again, unaffected while that of the latter was significantly reduced. In addition, proteinase K caused significant inhibition of the activity of the chaperonins without influencing that of LPS. These results clearly show that the chaperonins are extremely heat-stable proteins. They also reveal that the cytokine-inducing activity of the chaperonins is not due to contaminating LPS.
Addition of anti-CD14 monoclonal antibodies, at concentrations that totally inhibited nanogram-per-milliliter concentrations of LPS, failed to inhibit the cytokine-inducing activity of the mycobacterial chaperonin 60.2 protein, confirming a previous report (27) . However, the situation with Cpn 60.1 was not so clear-cut. In eight individuals tested, cytokine-inducing activity was reduced, but not totally blocked, by anti-CD14 monoclonal antibodies, suggesting that CD14 is at least par- In unpublished studies (A. R. M. Coates and P. Mascagni) of the T-cell reactivity of Cpn 60.1, a number of peptides were synthesized on the basis that they contained predicted T-cell epitopes (5). These peptides were tested for cytokine-inducing activity, and only one (M. tuberculosis Cpn 60.1 peptide, residues 195 to 219) was active. This peptide stimulated human PBMC to secrete the same panoply of cytokines as that induced by the intact recombinant Cpn 60.1. In addition, it was found that this peptide, in contrast to the parent molecule, also stimulated the synthesis of IFN-␥. The amount of endotoxin in this synthetic peptide was below the detection limit of the LAL assay, but it was found that its activity was inhibited by neutralizing anti-CD14 monoclonal antibodies but not by a nonneutralizing anti-CD14 antibody. The same peptides in M. tuberculosis Cpn 60.2 (residues 195 to 219) and in GroEL (residues 197 to 221) were completely inactive. Is this Cpn 60.1 peptide (KGFLSAYFVTDFDNQQAVLEDALI) responsible for conferring some or all of the cytokine-inducing activity of the molecular chaperone and for the inhibitory effect of anti-CD14 monoclonal antibodies? The answer to this question is complicated by the fact that peptide 195-219 stimulates IFN-␥ synthesis, while the parent molecule does not. This would suggest that this peptide is normally hidden in the intact Cpn 60.1 protein. Indeed, analysis of the homologous sequence in the GroEL crystal structure (25) indicates that, while the predicted ␣-helix of the Cpn 60.1 peptide would be on the outside of the Cpn 60.1 structure, if it were to exist as a tetradecameric assembly similar to the GroEL structure, the rest of the peptide would be buried within the wall of the assembly or protrude into the interior of the complex. We do not know which residues confer biological activity on this peptide but conclude that, whatever they are, they are inaccessible to the receptor on the target cell. This suggests that some other region or regions of Cpn 60.1 are responsible for the cytokine-inducing activity of this protein.
The reasons for the differences in the biological activities of the three peptides are not clear. The most stringent analysis would be a comparison of peptides 195-219 from Cpn 60.1 and Cpn 60.2, where the former has an ␣-helix that extends more towards the C terminus (Table 2 ). In Cpn 60.2 and GroEL, there are proline substitutions that tend to break up regular hydrogen-bonded structures, and this may contribute to the lack of bioactivity of these peptides.
In previous studies, we reported that the E. coli Cpn 60 (GroEL) is a potent stimulator of cytokine-driven murine bone resorption (11) and human PBMC cytokine synthesis (21) . In the former study (11), we established that bone from the C3H/ HeJ, LPS-unresponsive mouse would respond to GroEL but, a E, ␤-sheet; H, ␣-helix; I, exposed to internal cavity; B, buried; S, intersubunit contact; X, exterior exposure. The table shows an alignment of the peptide sequences tested for the simulation of cytokine secretion. The secondary structures were predicted using the consensus method Jpred (7) via the server at http://jpred.ebi.ac.uk/ and are listed under each sequence. The environments of each amino acid side chain (I, B, S, and X) in the GroEL structure (25) are listed in the bottom row.
as expected, not to LPS. The defect in the C3H/HeJ mouse is a single nucleotide mutation which renders the cellular LPS sensor, TLR4, unresponsive (2) . In studies of GroEL-induced cytokine synthesis, we found that the activity of this chaperonin is not inhibited by anti-CD14 monoclonal antibodies (21) . Therefore, GroEL does not activate cells by binding to the CD14-TLR4 complex. In this study, we show that the mycobacterial Cpn 60 proteins are also cytokine inducing but vary in their dependence on CD14. The involvement of TLR4 in M. tuberculosis Cpn 60.1-and Cpn 60.2-induced cell activation has yet to be determined, as CD14 is not necessarily required for interaction of TLR4 with other ligands (16) .
It has recently been reported that the monocyte-activating capacity of human and chlamydial Cpn 60 proteins is inhibited by anti-CD14 monoclonal antibodies. CD14 negative cells also fail to respond to these chaperonins. However, after transfection with CD14, cells become responsive to these two Cpn 60 proteins (12) . Another molecular chaperone, HSP70, has also been recently reported to induce cytokine synthesis by interacting with CD14 (1). Our own findings in this and other studies (21) suggest that the cellular receptors for chaperonin 60 proteins are diverse and may include CD14-TLR4 and other, as yet undefined, receptors. Further work is necessary to determine (i) the relative contributions of the two Cpn 60 proteins in M. tuberculosis virulence (by using knockout mutants), (ii) the full range of cell surface receptors that bind Cpn 60 proteins and produce cell activation, and (iii) the structureactivity relationships of this fascinating group of proteins.
M. tuberculosis contains two chaperonin 60 proteins with 70% amino acid sequence similarity. Both proteins have the capacity to stimulate human PBMC to synthesize and secrete proinflammatory cytokines. In spite of the sequence conservation of these proteins, there are substantial differences in their cytokine-inducing potency and efficacy, with Cpn 60.1 being substantially more active than Cpn 60.2. It is unclear if such differences in activity are due to the fact that the chaperonin 60 proteins differ in their CD14 dependency and may bind to different receptors. Alternatively, they could be due to differences in the C-terminal sequences or to differences in the oligomeric structures of these proteins resulting in some form of partial agonism (19) . Whatever the mechanism, these studies show that M. tuberculosis Cpn 60.1 is a powerful stimulator of proinflammatory cytokine production and may play a role in the inflammatory pathology of tuberculosis.
